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ABSTRACT
Planets form in discs of gas and dust around stars, and keep growing by accretion of
disc material while available. Massive planets clear a gap in that protoplanetary disc,
but still accrete through spiral wakes. On its way to the planet, the gas will settle
on a circumplanetary disc around the planet and slowly accrete on to it. The energy
of the accreted gas will be released, heating the planet surroundings in a feedback
process. For high enough accretion rates the planet should be detectable at infrared
wavelengths. We aim to find whether detectable planet luminosities, >∼ 10−3 L, can
occur when considering that the planet luminosity is coupled to the accretion, and also
to study which other effects has the feedback on the dynamics of the circumplanetary
and the gap regions. We model a planet with mass ratio q = 10−3, orbiting at 10 AU
from a solar mass star, using a modified version of the 2D code FARGO-AD, which
includes a prescription for the accretion and feedback luminosity of the planet. We
find that the planetary feedback is able to partially deplete the circumplanetary disc,
and to reduce the accretion rate onto the planet. However, detectable luminosities of
Lp
>∼ 10−3 L are still produced. The feedback also contributes to partially refilling
the gap, to heat up the coorbital region, and to perturb the orbital velocity of the gas.
Key words: protoplanetary discs – planet–disc interactions – accretion, accretion
discs – hydrodynamics.
1 INTRODUCTION
Protoplanetary discs are made of gas and dust orbiting a
young central star. Giant planets like Jupiter form in these
discs once a solid core is massive enough to capture the
surrounding gas (Pollack et al. 1996), or if the gas itself
becomes self-gravitating and fragments into clumps (Boss
1997). Either way, after a massive planet like Jupiter has
formed, it will produce perturbations in the protoplanetary
disc due to its gravity, which end up opening a gap when the
planet torque exceeds the viscous torque (Lin & Papaloizou
1993; Bryden et al. 1999), and forming a circumplanetary
disc (CPD) within the Hill radius (Ayliffe & Bate 2009a).
These planet–disc interactions define the early evolution of
young planets, so understanding them is key to interpret the
observational signatures they produce, such as the width
of the gaps produced on the gas or dust distribution, the
? Email: mgarate@usm.lmu.de
presence of spiral arms, or perturbations on the velocity field
(e.g., Kanagawa 2015; Dong et al. 2015a,b; Perez et al. 2015;
Dipierro et al. 2016).
In addition to those mostly gravitational effects, the ac-
cretion of gas on to planets provides another kind of planet
formation signatures. After a gap has formed, the CPD will
keep providing material to the newly formed planet, and its
properties will determine the planet accretion rate (Rivier
et al. 2012; Szula´gyi et al. 2014). As the planet accretes, the
gravitational energy of the gas will be released, heating up
the circumplanetary region (Klahr & Kley 2006; Montesinos
et al. 2015). This accretion feedback process is expected to
perturb the protoplanetary disc, and can be the origin of
detectable signatures (Montesinos et al. 2015; Zhu 2015). In
recent years there have been multiple possible detections of
forming planets within protoplanetary discs (e.g., Quanz et
al. 2013), even in the Hα emission typically associated with
accretion processes (Sallum et al. 2015). These detections
can be used to constrain the properties of the embedded
c© 2017 RAS
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planets once their interplay with the accreting gas is under-
stood.
Besides the observable signatures, the accretion of ma-
terial could also alter the dynamics of the system as the
circumplanetary region is heated. The heating by the accre-
tion on to rocky cores has been shown to change the torque
exerted on it, slowing and even reversing the inward migra-
tion (Ben´ıtez-Llambay et al. 2015). For more massive plan-
ets formed in a disc fragmentation process, feedback limits
their growth and alters their migration (Nayakshin & Cha
2013; Stamatellos 2015), and hinders further fragmentation
(Mercer & Stamatellos 2017)1. On smaller scales, the CPD
region can be depleted by the effect of the feedback (Mon-
tesinos et al. 2015), and the heating of the CPD can extend
its vertical structure, turning it into an envelope (Szula´gyi
et al. 2016; Szula´gyi 2017).
The goal of this work is to study the interaction between
the luminosity of the planet and its accretion rate when both
variables are coupled. This extends our previous work pre-
sented by Montesinos et al. (2015), in which accretion was
not taken into account, and the planet luminosity was a
free parameter. Specifically we want to study whether the
planet heating could actually deplete the CPD and cut down
its source of accretion, or if high planet luminosities can be
sustained over time. While this effect may be more or less
important for different accretion rates, we are especially in-
terested in planet accretion rates around 10−9−10−8M/yr,
which correspond to the accretion of 1 Jupiter mass over
105 − 106yr. These accretion rates are also interesting be-
cause they produce detectable signatures in the protoplan-
etary disc (Montesinos et al. 2015; Zhu 2015). Additionally,
we want to check whether the effects of the planet feedback
are limited to the CPD, or if the planet heating affects the
rest of the protoplanetary disc. A similar study was already
conducted by Klahr & Kley (2006). Our approach is simpler,
since we are using an energy transport equation instead of
the flux-limited diffusion approximation, and we limit our-
selves to two dimensions. However, our model gives us the
possibility to study a wider parameter space at higher reso-
lutions.
This paper is structured as follows. In section 2 we
present our physical model for the disc and the planet accre-
tion. In section 3 we describe the numerical setup and the
parameter space explored. In section 4 we present the re-
sults regarding the CPD properties and the planet accretion
rate, and in section 5 we show the effects of the feedback on
the gap structure. Then, in section 6 we discuss the validity
of our model and some possible consequences of our results,
concluding in section 7.
2 PHYSICAL MODEL
We use the code FARGO-AD (Baruteau & Masset 2008) to
simulate a gas disc around a solar mass star, with a planet on
a fixed circular orbit at rp = 10AU, and planet to star mass
ratio q ≡Mp/M∗ = 10−3. Our simulations include the mod-
ifications described in Montesinos et al. (2015) that consider
1 See also Nayakshin et al. (2007) for earlier models on the scale
of galactic nuclei.
the planet luminosity and radiative cooling. Additionally, we
compute the expected accretion on to the planet, which is
used to calculate the planet accretion luminosity. This en-
ergy is distributed over the CPD as a heating term in the
energy equation. In the following subsections we describe
the equations used to quantify each of these ingredients.
2.1 Energy Equation
The energy surface density e is evolved using the equation
described in D’Angelo et al. (2003):
∂e
∂t
+
−→∇ · (e−→v ) = −P−→∇ · −→v +Q+ν +Q+p −Q−, (1)
where −→v is the velocity, P is the vertically integrated pres-
sure, Q+ν and Q
+
p are the viscous and planet heating terms,
and Q− is the radiative cooling term. As described in Mon-
tesinos et al. (2015), the system is closed with an ideal equa-
tion of state for the pressure as a function of mass surface
density Σ and mid-plane temperature T :
P = ΣTR, (2)
and the energy density is related to the temperature using:
e = ΣT
R
γ − 1 , (3)
with the specific gas constant R = kb/µmH. The adiabatic
index is γ = 1.4, considering that molecular hydrogen is
diatomic, the mean molecular weight is µ = 2.35, and kb is
the Boltzmann constant.
We do not take into account the heating by stellar irra-
diation, since Montesinos et al. (2015) showed that in the
circumplanetary region this effect is always subdominant
compared to the planet and viscous heating contributions.
2.2 Viscosity
For the viscosity due to shear in the disc we use the Shakura
& Sunyaev (1973) prescription:
ν = αc2s/ΩK, (4)
where cs is the sound speed, ΩK is the keplerian angular
velocity, and α is a free parameter that we set to α = 0.004.
The energy dissipation due to viscosity contributes to
heating the disc through the following term,
Q+ν =
1
2νΣ
(τ2r,r + τ
2
r,θ + τ
2
θ,θ) +
2νΣ
9
∇2−→v , (5)
which is described in D’Angelo et al. (2003), where τr,r, τr,θ
and τθ,θ are the elements of the stress tensor.
2.3 Accretion Model
We use the accretion model implemented in FARGO (Masset
2000), which removes gas from the surface density within the
Hill radius, using the following radial behavior (Kley 1999;
Du¨rmann & Kley 2017),
dΣacc
dt
(r) =

0 r = |−→r −−→r p| > 0.75RHill
− 1
3
Σ(r)/tacc 0.45RHill < r < 0.75RHill
−Σ(r)/tacc r < 0.45RHill,
(6)
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where the Hill radius is RHill = rp
3
√
q/3. For convenience we
write the accretion timescale in units of the planet orbital
time as 1/tacc = facc/Tp. The accretion fraction facc can be
then understood as which fraction of, or how many times,
the circumplanetary region is accreted in one orbit of the
planet around the star. The removed disc mass is equal to
the accretion rate of the planet,
dMp
dt
=
∫
−dΣacc(r)
dt
dA. (7)
In our simulation setup, however, we do not add the accreted
mass M˙pdt to the planet mass, since the final systems would
not be dynamically equivalent and therefore, not comparable
in the analysis. We only use M˙p to compute the heating that
the accretion process produces.
2.4 Planet Heating
The planet heating term Q+p is calculated as
Q+p = f(r)Lp(t), (8)
where Lp is the total energy released by the planet, f(r)
is a smoothing function that distributes the energy within
the CPD radius2 RCPD, and  is an efficiency factor which
can be interpreted as the amount of energy emitted by the
planet that is actually absorbed by the gas. For RCPD we
follow Crida et al. (2009) and consider RCPD = 0.6RHill.
This work uses the same smoothing function described by
Montesinos et al. (2015):
f(r) =
{
0 r > RCPD
1
piR2CPD
5 exp(−5 r2
R2CPD
) r < RCPD.
(9)
In our model the planet luminosity is defined as
Lp(t) =
1
2
GMp
Rp
M˙p(t), (10)
considering the change of energy of a test particle in Keple-
rian motion when accreted at the planet radius Rp. For the
latter, we take the Jupiter radius.3
2.5 Radiative Cooling
The gas cooling term Q− accounts for the energy radiated
by the gas in the vertical direction considering blackbody
emission. We use the same procedure as in Montesinos et al.
(2015), computing the optical depth as:
τ =
1
2
κΣ. (11)
Our model assumes a constant opacity of κ = 100
cm2/g, consistent with the absorption opacities shown by
2 With
∫RCPD
0 2pirf(r)dr ≈ 1.
3 Notice that because the gas is accreted from a finite distance ds,
the term Lp is overestimating the planet luminosity by a factor of
(1− RJ
ds
)−1. The discrepancy is highest for the closest cells, where
ds corresponds to the length of the grid cells. For our simulations,
the maximum overestimate would be a factor of only 1.007, so we
neglect this correction for simplicity. Notice also that the radius
of the accreting proto-planet is probably larger than Jupiter’s
(see e.g., Helled et al. 2014). That can be corrected by choosing
a smaller value for the efficiency parameter .
Kataoka et al. (2015) for grains of sizes 1µm to 100µm. We
checked that the CPD region is optically thick throughout
all the simulations, to ensure that the planet luminosity does
interact with the surrounding material.
To model the emission from the disc surface considering
its vertical structure we use Hubeny (1990) prescription for
the effective optical depth:
τeff =
√
3
4
+
3τ
8
+
1
4τ
. (12)
Then the effective temperature and the cooling term are
defined as:
T 4eff =
T 4
τeff
, (13)
Q− = 2σT 4eff , (14)
where σ is the Stefan–Boltzmann constant and the factor
2 accounts for the upper and lower faces of the disc from
which the energy is radiated.
To solve the energy equation including this cooling term
we use the implicit solution for the source step, using the
same approximations as Commerc¸on et al. (2011) for the
expansion of the power of the temperature.
3 SIMULATION SETUP
3.1 Code Units, Grid Domain and Initial
Conditions
We choose as mass unit the mass of the star M∗ = 1M and
as distance unit the planet orbital radius rp = 10 AU. The
gravitational constant in code units is G = 1, in consequence
the planet orbital period is Tp = 2pi in code units.
The initial surface density profile of the disc is set as:
Σ(r) = Σ0
rp
r
, (15)
with Σ0 the density at the planet location.
The resolution of our simulations is nr×ns = 320×960,
with nr and ns the number of radial and azimuthal sections
respectively. The radial domain goes from 4 AU to 25 AU
from the star. At the inner radius we set an open boundary
condition, while at the outer radius we impose a constant
surface density.
3.2 Smoothing Tapers
To smoothly introduce the effect of the planet gravity the
code uses a taper factor, such that the planet mass increases
from q = 0.0 to q = 10−3 within Ntaper = 10 orbits.
Mp(t) =
{
Mp · sin2(pi2 tNtaperTp ) t < 10Tp
Mp otherwise,
(16)
The system is evolved for 100 orbits before letting the planet
accrete, in order to avoid high accretion rates previous to
the gap opening. The accretion fraction facc and the planet
luminosity Lp are also multiplied by a taper of the same form
between the orbits 100 and 110, to introduce their effect
smoothly.
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Table 1. Parameter space
Σ0 (g/cm
2) 15, 30, 45
facc (= Tp/tacc) 0.33, 0.5 ,1.0, 2.0
 0.0, 0.04, 0.1, 0.4, 1.0
3.3 Parameter Space
Our simulations explore the parameter space for: the ini-
tial surface density Σ0, the accretion fraction facc, and the
planet heating efficiency . The different values for  are used
to take into account that it is not known how much of the
energy released by the planet will be absorbed by the gas.
This value is expected to decrease for CPDs that are either
optically or geometrically thinner.
For the accretion timescale of the planet, the values
used are between the viscous and the free-fall time-scales of
the CPD, and moreover correspond to the accretion rates
around our range of interest, above of 10−9M/yr.
For Σ0, the different simulations use values of 15, 30
and 45 g/cm2. For reference, a disc with Σ0 = 30 g/cm
2
extending from 1 AU to 50 AU has a mass of approximately
10−2M. We find that this interval of densities produces ac-
cretion rates in our range of interest (M˙p ∼ 10−9−10−8 Myr ).
Less massive disc have lower accretion rates and become op-
tically thin, escaping the scope of our model. Table 1 lists
all parameters used.
4 ON THE CPD AND THE PLANET
In this section we present the results of our simulations in
the local region around the planet, namely the planet ac-
cretion rate and luminosity, and also the CPD properties.
We present the fiducial simulations, and study the results
variation with the free parameters (Σ0, facc, ). Additional
simulation setups will only be used to confirm some of the
properties spotted in the fiducial simulations. In order to
avoid possible biases due to time variability, the presented
results are taken from the last 100 snapshots averaged be-
tween the orbits 300 and 350 (unless a particular time is
explicitly mentioned). Notice the snapshots are separated
by an interval of 1/2 of the planet orbit.
To start the results section we present a comparison
of the density and temperature distributions between the
case with  = 1.0 and the case with  = 0.0 (Figures
1 and 2), using the residuals (Σ(1) − Σ(0))/Σ(0), and
(T (1)− T (0))/T (0). Through the following sections most
results will be associated with these two maps, so it is useful
to introduce them at this point. In the CPD, the plots show
that the feedback reduces its mass and increases its temper-
ature, while in the gap both the density and the temperature
are increased.
4.1 Planet Accretion
Arguably, the most important quantities in our study are the
planet accretion rate and luminosity, which can be indirectly
measured by observations, potentially revealing the presence
of a planet. A direct detection of the planet brightness is
unlikely at this stage, since we expect it to be embedded
Figure 1. Surface density comparison between the case  = 1.0
and  = 0.0, using the residual (Σ(1)− Σ(0))/Σ(0). Both sim-
ulations have Σ0 = 30g/cm
2 and facc = 1.0. The plot shows that
the simulation with  = 1.0 has less mass in the CPD, and more
mass in the gap region than the case with  = 0.0. The Hill radius
around the planet is marked with a black circle.
Figure 2. Same as Fig. 1, but showing the temperature residual,
(T (1) − T (0))/T (0). The plot shows that the simulation with
 = 1.0 reaches higher temperatures both in the CPD region and
inside the gap.
in an optically thick CPD. Moreover, the planet surface is
too small to be resolvable, and would be confused with the
surrounding gas.
Our results show that the accretion onto the planet
is determined primarily by the surface density Σ0 – more
massive discs provide a bigger reservoir of material to
feed the circumplanetary disc and the planet itself (Figure
3). The values of the accretion rate go from 10−9M/yr
to 5 · 10−8M/yr, and produce planet luminosities above
10−4L and up to almost 10−2L. As expected from Eqs. (6)
and (7), for larger accretion fractions facc (shorter accretion
timescales tacc) M˙p increases by a factor of a few. However,
the main feature of the plot is the drop in the accretion rate
when the planet feedback is turned on. For the different disc
masses the feedback causes an average decrement in the ac-
c© 2017 RAS, MNRAS 000, 1–13
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Figure 3. Planet accretion rate (left axis) and luminosity (right
axis) as function of the accretion fraction facc, for different values
of Σ0. Solid lines are for  = 1.0 and dashed lines for  = 0.0. In all
our cases the planet accretion rate has values above 10−9 M/yr.
Figure 4. Planet accretion rate (left axis) and luminosity (right
axis) as a function of the feedback efficiency , for different val-
ues of facc, with Σ0 = 30 g/cm
2. The plot shows the monotonic
decrease of M˙p with . Most of the variation occurs at low effi-
ciencies, and stays roughly constant for  >∼ 0.1.
cretion rate between 37%- 47%, relative to the accretion rate
of the planet when no feedback is considered. Figure 4 shows
that most of this effect takes place at efficiencies as low as
 6 0.1, and remains approximately constant from there to
 = 1.0. This is interesting because even if the feedback is
not 100% efficient, or if the calculation of the planet lumi-
nosity is overestimated by any reasons, the feedback would
still be effective, dropping the accretion rate and luminosity
to a floor value. The drop in accretion can be linked to the
density conditions in the CPD, because of Eq.(6), which will
be addressed in the following section.
So far our results show that the detectable luminosities,
studied by Zhu (2015), are possible, and the feedback is not
able to completely stall the planet accretion rate.
Figure 5. Planet accretion rate (left axis) and luminosity (right
axis) as a function of time, with facc = 1.0 and Σ0 = 30 g/cm
2.
The plot shows the variation in the accretion during the last 10
orbits of the simulation for the cases with the feedback turned on
and off.
4.1.1 Time Variability
Another interesting quantity from the observational point of
view is the variation of the planet accretion and luminosity
with time. If the variations are too intense, then observed
planet signatures might not be good indicators of the planet
properties. Figure 5 shows the variability of the planet accre-
tion during the last 10 orbits of the simulation. The standard
deviation is around 1% when the feedback is turned off, and
around 15% when turned on. If measurements of accretion
luminosity variability are obtained, it would be important
to consider that this can be caused by the planet feedback,
and not only by the eccentricity of its orbit (Dunhill 2015).
4.2 Circumplanetary disc
The CPD is responsible of providing material to the ac-
creting planet, and is the region that will be immediately
affected by the planetary feedback. We will now study how
its properties behave under the effect of the planet accretion
and its feedback.
The mass of the CPD, shown in Fig. 6, goes between
10−4 − 10−3Mp, mainly determined by the protoplanetary
disc density, and decreasing for higher accretion fractions,
as more mass is removed at each timestep. Figure 7 (see
also Fig. 1) shows how the feedback acts depleting the CPD
region with increasing efficiencies, which drives the reduc-
tion on the planetary accretion rate. The depletion can be
understood as a result of the higher pressure in the CPD
region when the feedback is implemented. This produces a
steeper pressure gradient, thus a greater force that pushes
the material outside the CPD. The pressure gradient con-
tinues to keep the material from reentering the CPD. This
process was already discussed by Montesinos et al. (2015),
showing that the feedback alone can stop the material from
accumulating near the planet, even when accretion is not
considered.
c© 2017 RAS, MNRAS 000, 1–13
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Figure 6. Circumplanetary disc mass as a function of the accre-
tion fraction facc, for different values of Σ0. Solid lines are for
 = 1.0 and dashed lines for  = 0.0. The CPD masses have val-
ues in the range MCPD ∼ 10−4 − 10−3Mp. MCPD decreases for
higher facc since more gas is removed from the disc.
Figure 7. Circumplanetary disc mass as a function of the feed-
back efficiency , for different values of facc, with Σ0 = 30 g/cm
2.
For increasing efficiencies we typically obtain a less massive CPD,
with the material escaping from the planet potential.
4.2.1 Temperature and Luminosity
The planetary feedback causes a raise in the CPD tempera-
ture which can be seen in the temperature residual map (Fig-
ure 2), and in more detail in Figure 8. The CPD temperature
raises with the heating term Q+p , which is increased by both
planet accretion M˙p and feedback efficiency . The temper-
ature when the feedback is turned off lies between 150–200
K, and raises to 400–1100 K depending on the planet lumi-
nosity. These values are consistent with those obtained by
Montesinos et al. (2015), and also by Szula´gyi et al. (2017)
for the core accretion model.
Along with the temperature, the feedback also increases
the CPD scale height. Even though our models are two-
dimensional, we can estimate the aspect ratio of the CPD
as (h/d)CPD = cs/vk, with the adiabatic sound speed
cs =
√
γ(γ − 1)e/Σ, and the Keplerian velocity of the CPD
Figure 8.Maximum temperature in the CPD region as a function
of the accretion fraction, for different values of Σ0. Solid lines show
the models with  = 1.0 and dashed lines those with  = 0.0. More
massive discs and higher accretion fractions are direct cause for
higher planet luminosities, which produce the raise in the CPD
temperature up to ∼ 1000 K.
Figure 9. Average scale height of the CPD as a function of
the feedback efficiency , for different values of facc, with Σ0 =
30 g/cm2. For higher efficiencies more energy is absorbed by the
gas, producing higher temperature and scale height for the CPD.
around the planet potential vk =
√
GMp/d, with d the dis-
tance to the planet. Figure 9 shows the average scale height
(h/d)CPD inside the CPD region for different simulations. As
the temperature grows for higher , the sound speed of the
gas also increases making the CPD thicker, reaching values
in the range 0.4–0.7 for the cases with  = 1.0.
Finally, we show the bolometric luminosity of the CPD
and its spectrum in Figures 10 and 11. These estimates as-
sume that the CPD emits as a multi-colour blackbody, with
the vertical structure modeled through Eqs. (12) and (13)
to obtain the effective temperature. As our simulations are
limited by the grid resolution, we can only integrate the
CPD luminosity down to ∼ 100RJ from the planet. This
causes the inner region of the disc, which is the hottest and
brightest, to be omitted from our calculation of the planet
c© 2017 RAS, MNRAS 000, 1–13
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Figure 10. CPD bolometric luminosity as a function of the ac-
cretion fraction, for different values of Σ0. Solid lines show models
with  = 1.0, while and dashed lines show  = 0.0. Similarly to
the previous plots, higher Σ0 and facc produce an increase in the
luminosity of the planet, which translates in a raise of the CPD
luminosity that can reach values up to 5 × 10−3L. This plot
considers only a single face of the CPD, as would be seen by a
face-on observer. Moreover, the luminosity only considers the part
of the disc directly resolved by our simulations, down to ≈ 100RJ
(cf. Fig. 11).
luminosity and spectra. Nevertheless, we describe sub-grid
calculations of the inner CPD spectrum below.
Studying the regions that we can resolve, for the case
with  = 1.0 the CPD luminosity (of a single face) can be as
bright as the planet. This means that the CPD is radiating
around twice the planet luminosity. Recall that the planet
luminosity is not the only energy source for the CPD. The
latter is also heated through by viscous dissipation Q+ν and
pressure work. Therefore it would not be surprising that
LCPD raises non-linearly with Lp.
Figure 11 shows the spectral flux distribution expected
from a face-on CPD located at a distance of 100 pc, in
the model with Σ0 = 30 g/cm
2 and facc = 1.0. The maxi-
mum flux, considering only the resolved, or “feedback” com-
ponent, is 11mJy at around 23µm, which is achieved for
 = 1.0. In addition to the spectra obtained from the sim-
ulations, we also include in the plot a sub-grid “accretion”
component. This is defined as the multi-colour black body
flux of a 2RJ to 250RJ accretion disc, with a temperature
profile calculated from the corresponding accretion rate onto
the planet (see Eisner 2015; Frank et al. 2002, eqs. 5.43,
5.45)4. We can see in the case with the highest feedback effi-
ciency ( = 1.0) that its MIR signature can be brighter than
that due to accretion alone. Adding up both the feedback
and accretion components in the MIR, the total signal would
be above 15 mJy at λ ≈ 20µm. Even at lower, perhaps more
realistic efficiencies ( = 0.1), the combined signal remains
above 5 mJy in the MIR, and the spectrum shows a broader
shape due to the combination of both effects. The relatively
high flux obtained from our models makes CPDs interesting
4 Following Zhu (2015), we ignore the direct effect of the planet
luminosity on the inner CPD disc dynamics. Feedback influences
this region only by setting the accretion rate throughout the disc.
Figure 11. Spectra for a CPD located at 100 pc, assuming black-
body emission, for a disc with Σ0 = 30 g/cm
2 and facc = 1.0, for
three different feedback efficiencies. The dashed lines show the
spectra obtained directly from our feedback simulations, while
the dotted lines show the sub-grid emission of the inner 250 RJ
of the CPD calculated using the corresponding accretion rate for
each efficiency. The solid lines show the sum of these two mod-
els.The maximum flux is reached when the feedback is completely
turned on ( = 1.0), with F ∼ 17mJy at 23µm. As in the previous
plot, this is the emission of a single face of the CPD.
targets for future MIR observations, for example using the
Mid-Infrared Instrument (MIRI) on JWST, which at 20µm
requires a signal of 1 mJy to obtain a signal-to-noise of 10
for an observation time of 104 seconds (Rieke et al. 2015;
Glasse et al. 2015).
As for the planet itself, for the same model and assum-
ing a blackbody of Jupiter radius, it would have a temper-
ature of Tp = 3850K with a peak flux of 0.6 mJy at 1.2
µm.
5 ON THE GAP STRUCTURE
Although the gap is not directly involved in our numerical
implementation of accretion feedback, it can be affected by
this process through the transport of mass and energy from
the CPD region. In this section we will show the different
effects of the planetary accretion and feedback in the gap
properties.
5.1 Density and Temperature
The effect of accretion on the density profile was shown by
Du¨rmann & Kley (2015), using an equivalent prescription
for the accretion rate. In their results the accretion deep-
ened the gap carved by a planet, when compared with the
non-accreting case. Our results in Figure 12 show the same
behavior in the density profiles, for higher accretion frac-
tions facc more mass is removed, deepening the gap. When
the accretion is turned off, the mass that would otherwise
be accreted by the planet accumulates on the CPD. If the
CPD is “full”, we expect the gas to go back to the coorbital
region. In order to easily compare different models, we do
not add the accreted material to the planet mass. If that was
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Figure 12. Top: Azimuthally averaged density profiles for discs
with Σ0 = 30 g/cm
2 and  = 0.0. Bottom: Residuals normalized
respect to the facc = 0.0 curve of the top panel. We can see
how the overall density in the gap is reduced for higher accretion
fractions, since more mass is removed from the simulation.
Figure 13. Top: Azimuthally averaged density profiles for discs
with Σ0 = 30 g/cm
2 and facc = 1.0. Bottom: Residuals normal-
ized respect to the  = 0.0 curve of the top panel. We can see an
increase in the density of the gap region for higher efficiencies .
the case, higher facc would produce more massive planets,
which in turn would carve even deeper gaps.
More interesting is the effect of the feedback on the den-
sity profile. In the density residual map (Figure 1) it can be
seen that not only the CPD is depleted when the planet lu-
minosity is considered, but also that the gap becomes more
dense – we will refer to this as “partially refilled”. This in-
crease in the density not only happens in the regions that
are immediately outside the Hill radius, but in the whole
azimuthal range. In Figure 13 we can see that for higher ef-
ficiencies  the whole gap density is increased. The physical
reason for this effect in not intuitive at all, but it was also
seen in Szula´gyi (2017)’s 3D simulations when switching the
planet temperature. We will try to decompose it into the
sum of partial effects that can be explained with our prior
knowledge.
Before beginning it is necessary to recall two points:
the effect of the accretion onto the gap density (Fig. 12),
and the effect of feedback in the raise of temperature of
the whole coorbital region. The latter can be seen in the
residual temperature map (Figure 2), and also in the tem-
perature profiles (Figure 14), that show an increment from
approximately 12 K to 35 K when the feedback is turned on,
an effect that was also found by Montesinos et al. (2015).
Our first candidate for the refilling of the gap is the coupling
between the feedback and the accretion rate. Recalling Fig-
ure 4, when the feedback is turned on the accretion rate is
reduced. Then, if the accretion rate is reduced, the gap is
refilled. To test this effect we use a new set of simulations in
which we set a fixed accretion rate of M˙p = 10
−8M/yr. If
the variable accretion was responsible for the refilling, then
by setting it constant the effect should disappear. Our re-
sults for these simulations are shown in Figure 15, which
shows that the partial refilling is still present, although with
less intensity (around a factor of 1/3) than in the case with
our fiducial prescription for the accretion rate. The next
candidate is the viscous torque, which directly counteracts
the planet torque, and is proportional to the viscosity. From
the α prescription (Eq. 4) we can see that the viscosity in-
creases with the sound speed cs. Therefore the increment in
the temperature translates in an increment in the viscous
torque which may contribute to refill the gap. To test this
we use another set of simulations with a constant viscosity
of ν = 2 · 10−5 (in code units), equivalent to the one ob-
tained with the α prescription in the sense that the shape
and depth of the gap are as similar as possible with the case
with no feedback and constant accretion rate, while trying
to keep also the global density profiles similar. 5 Then, our
set of simulations with constant ν and M˙p should reveal if
the viscous torque is closing the gap. Figure 16 shows how-
ever, that the refilling of the gap is still present, almost with
the same intensity that in the case with the α viscosity and
constant accretion. Although the trend is not so clear as
in the previous cases, the simulation with  = 1.0 is the
best indicator that the gap is still refilled even for constant
viscosity, and that there must be other effects involved. To
quantify the influence of accretion and viscosity in the gap
refilling, in Figure 17 we compare the test simulations with
constant accretion to the fiducial simulations (the simula-
tions with facc = 0.5 and facc = 1.0 were used since these
have the most similar accretion rates and disc conditions to
the test simulations). The figure shows how a constant accre-
tion produces less variation in the gap density under similar
conditions in the planet luminosity, and allows to determine
that the accretion is responsible for approximately 60% of
the variation, while the viscosity can be responsible only for
a 10% of the variation. While there is a fraction of the gap
refilling that remains unexplained, we can attribute it to a
non-linear combined effect, or to the turbulence generated
when the feedback is turned on.
5 The value for the viscosity was obtained through trial and error,
and reproduces the depth of the gap with a difference of less than
1 g/cm2 (or 30%).
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Figure 14. Top: Azimuthally averaged temperature profiles for
discs with Σ0 = 30 g/cm
2 and facc = 1.0. Bottom: Residuals
normalized respect to the  = 0.0 curve of the top panel. We can
see an increase in the temperature of the gap region for higher
efficiencies , with a peak at the planet orbit.
Figure 15. Top: Azimuthally averaged density profiles for discs
with Σ0 = 30 g/cm
2 and a constant accretion rate of 10−8M/yr.
Bottom: Residuals normalized respect to the  = 0.0 curve of the
top panel. We can see an increase in the density of the gap region
for higher efficiencies , although with less intensity than in our
fiducial simulations.
5.2 Pressure and Velocity
Now we will discuss the effect of the feedback on the pressure
and azimuthal velocity of the gas in the coorbital region. Be-
sides the increase in the temperature of the coorbital region,
there is also an increment in the thermal energy, which is
proportional to the gas pressure. Figure 18 shows how the
thermal energy increases with . An increment in the pres-
sure at the gap region causes a shallower pressure gradient,
and reduces the contribution of the pressure component in
the gas acceleration. Figure 19 shows how the magnitude of
the acceleration caused by the pressure is reduced for higher
values of , while maintaining its direction (positive at the
inner border, and negative at the outer border of the gap).
The effect can be directly seen in the azimuthal velocity pro-
Figure 16. Top: Azimuthally averaged density profiles for discs
with Σ0 = 30 g/cm
2, a constant accretion rate of 10−8M/yr and
constant viscosity. The viscosity ν was selected to replicate the
profiles of the simulations with α viscosity. Bottom: Residuals
normalized respect to the  = 0.0 curve of the top panel. We
can see an increase in the density of the gap region for higher
efficiencies , although the trend is less noticeable in this case.
Figure 17. Azimuthally averaged residuals of density profiles
with different setups. The curves are the residuals of simulations
with  = 1.0 relative to  = 0.0 using the same setup. All the
simulations are discs with Σ0 = 30 g/cm
2, but with different ac-
cretion prescriptions. The two fiducial simulations use the accre-
tion fraction prescription with facc = 1.0 and facc = 0.5, the two
simulations with a constant accretion rate of 10−8M/yr use the
fiducial α viscosity, and a constant viscosity of ν = 2× 10−5 (in
code units).
file in Figure 20, where the azimuthal velocity takes values
closer to the Keplerian velocity when the feedback is on.
Notice that at the inner border of the gap the gas orbits
at sub-Keplerian speed, and in the outer border at super-
Keplerian, due to the pressure gradient at the gap borders.
Although the azimuthal velocity differs from Keplerian only
by a 2% for  = 0.0, and 1% for  = 1.0, this contribution is
very significant compared to the variation caused by the gas
pressure alone in a disc with no planet, where the variation
is just 0.1–0.2%, as can be seen far away from the planet po-
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Figure 18. Top: Azimuthally averaged energy profiles with Σ0 =
30 g/cm2 and facc = 1.0. Bottom: Residuals normalized respect to
the  = 0.0 curve of the top panel. For higher feedback efficiencies,
the planetary heating produces an increment in the energy surface
density in the gap region.
Figure 19. Top: Azimuthally averaged radial pressure acceler-
ation with Σ0 = 30 g/cm
2 and facc = 1.0. Bottom: Residuals
respect to the  = 0.0 curve of the top panel. The plot shows how
the higher feedback efficiencies tend to smooth out the pressure
gradient. At the inner and outer edges of the gap the pressure
acceleration becomes less positive and less negative, respectively.
tential. A change in the orbital velocity has a direct impact
on the dust drift, which is affected even by small variations
in the gas velocity (see § 6.2).
5.3 Vortensity
The last effect of the feedback to be explored in this work is
on the vortensity. This quantity measures the local rotation
of the fluid at every point, and is defined as:
−→ω = ∇×
−→v
ρ
, (17)
with the gas volume density estimated as ρ = Σ/h. Since our
simulations are 2D, we only refer to the vertical component
of −→ω . In Figures 21 and 22 we see vortex like structures
Figure 20. Top: Azimuthally averaged orbital velocity of the
gas with Σ0 = 30 g/cm
2 and facc = 1.0, normalized to the local
Keplerian velocity. Bottom: Residuals normalized respect to the
 = 0.0 curve of the top panel. From the residuals we can see the
effect of the pressure gradient on the orbital velocity, increasing it
at the inner edge, and reducing it at the lower edge. The variation
due to the presence of the planet feedback is around 1% of the
Keplerian value.
Figure 21. Vortensity map for a simulation with  = 0.0, Σ0 =
30 g/cm2 and facc = 1.0, at a time of 350 orbits. Only small
structures appear at the borders of the gap.
appear when the feedback is turned on. These vortices form
near the planet, approximately at the Hill radius, before
being transported along the borders of the gap. They are
short lived, and dissipate before completing a single orbit.
The vortensity for the case with  = 0.0 shows less structure
and a smoother profile.
We believe the vortices originate due to perturbations
in the pressure and density near the planet, produced by the
accretion feedback. A thorough analysis of this effect goes
beyond the scope of this paper.
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Figure 22. Vortensity map for a simulation with  = 1.0,
Σ0 = 30 g/cm
2 and facc = 1.0, at a time of 350 orbits. We can
notice vortex like structures in the inner and outer edges of the
gap. After analyzing multiple snapshots we see that these struc-
tures last around an orbit before dissipating and do not appear
in simulations without planetary feedback.
6 DISCUSSION
Our simulations showed the diverse effects of feedback from
an accreting planet on the CPD and the coorbital region.
The most relevant results are that Jupiter-like planets can
still achieve detectable accretion rates, and that their heat-
ing affects the whole gap, not only the CPD region. There-
fore, the infrared emission associated to this process could
be used as a tracer for accreting planets.
In the rest of this section we discuss some consequences
of our results, and also the limitations of our model.
6.1 Feedback as a Slow Down Mechanism for
Accretion
In the core accretion model (Pollack et al. 1996), Jupiter
mass planets can enter into a runaway accretion phase, being
able to double their masses on timescales as short as 104 yr.
In the disc fragmentation scenario (Boss 1997), planets typ-
ically also grow very quickly, reaching the brown dwarf
regime (Stamatellos 2015, but see also Nayakshin (2015)).
It is interesting to note that in our model feedback acts
as a limiting mechanism for planet growth, cutting the ac-
cretion rates between 37%–47% (see Figures 3, 4), and de-
pleting the CPDs in a similar amount.
6.1.1 Are high feedback efficiencies valid?
This question is crucial for the validity of our model, since
our results depend on the planet accretion energy being ac-
tually absorbed by the CPD. However, an efficiency factor
as low as ∼ 10% is enough for the feedback to have a strong
effect (see Figs. 4, 7).
Obtaining a realistic value for the efficiency would re-
quire a more sophisticated numerical approach, including
a treatment of radiative transfer. Still, we can provide two
simple arguments to justify that the radiation of the planet
should be absorbed at least partially by the gas. The first one
is the geometry of the CPD, Szula´gyi et al. (2016) has shown
that the scale height of the disc increases for high feedback
values, even to the point of turning the disc into an envelope.
Our own 2D models show that the temperature reaches its
maximum at the location of the planet. Therefore, we can
expect that most of the radiation will go through the gas.
Additionally, whether the radiation is absorbed depends on
the optical thickness of the gas. A high enough optical depth
was already seen by Ayliffe & Bate (2009a,b), and confirmed
in the simulations of Szula´gyi et al. (2016), which use the
flux-limited diffusion approach. From these previous studies
we are confident that the feedback efficiency  should have
values large enough in order for feedback to be relevant.
6.2 Possible Effects On Dust Drift
Besides the effect of the feedback on the gas, which we have
modelled here, we can also expect the dust to be affected by
the changes in the gas dynamics. While dust grains follow
Keplerian orbits, gas also feels pressure forces, which makes
its orbit slightly non Keplerian. If the gas is sub-Keplerian,
then the dust grains will lose angular momentum when go-
ing through the gas, and drift inwards as a result. In the
opposite case, if the gas is super-Keplerian, dust will drift
outwards. In terms of the pressure, this can be seen as the
dust concentrating at the pressure maxima (Weidenschilling
1977; Pinilla et al. 2012), commonly referred to as “climbing
the pressure gradients”.
The analysis of the gas orbital speed and pressure gra-
dients (Figures 19 and 20) let us infer how the dust grains
behave. Our simulations show that when the feedback is
turned on, the pressure gradient is smoother and the or-
bital velocity becomes more Keplerian. At the inner edge
of the gap, where the pressure gradient is negative, dust
drift should be inwards, but slower than in the case with a
planet without feedback. The outer edge is more interesting,
since here the gas is super-Keplerian, which would allow for
dust particles to drift outwards and concentrate at the local
pressure maximum outside the carved gap (Rice et al. 2006).
Our results however, show that this concentration should be
less efficient, and therefore reduce the expected contrast in
observations (Fouchet et al. 2007).
Figure 23 shows the expected dust drift due to the pres-
sure gradient component vr,dust = (St
−1 + St)−1∂rP/(ΣΩ),
for the particles with St = 1. The drift component caused
by the gas radial velocity (which is one order of magnitude
lower than the pressure gradient component) was omitted in
this calculation, because vr,gas depends on the underlaying
surface density distribution. In particular, our initial con-
ditions for the density profile correspond to positive radial
velocities in the gas, which are not typical for this type of
study and complicate the interpretation of our results. While
for St > 1 particles the gas radial velocity contribution is
not as important, for smaller particles it becomes the domi-
nant term, and would require a more appropriate treatment.
We also neglected the effect of radiative pressure due to the
planet luminosity, which is expected to keep small grains
outward of the planet (Owen 2014).
In summary, when the feedback is turned on particles
will drift slower, both toward the star and to the pressure
maximum in the outer edge of the gap, and the particles
most affected by the drift will have bigger sizes. The vor-
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Figure 23. Top: Azimuthally averaged drift velocity of the dust
with Σ0 = 30g/cm
2 and facc = 1.0. The plot shows how the feed-
back decreases the magnitude of the dust drift as a consequence
of smoothing the pressure gradient. The particles with St = 1
(corresponding to sizes between 1 − 2 cm) are the most affected
by the drifting, which will be less efficient by the effect of the
planet luminosity. Bottom: Residuals respect to the  = 0.0 curve
of the top panel.
tex structures found when the feedback is turned on could
also act as dust traps (Raettig et al. 2015), but the short
lifetimes and dissipation make difficult to quantify their im-
pact on dust growth. A detailed analysis of the impact of
the feedback in the dust drifting appears to be a promising
topic for future studies.
6.3 Model limitations
The weakest point of our model is the lack of the third
spatial coordinate. The recent 3D studies of Szula´gyi et al.
(2014, 2016) have shown the accretion from the CPD onto
the planet has a large meridional component caused by the
enhancement of the CPD scale height. With our 2D model
(and assuming vertical hydrostatic equilibrium) we also see
that the scale height increases with the planet luminosity.
Further 3D effects, such as the formation of a circumplane-
tary envelope (Szula´gyi et al. 2016; Szula´gyi 2017), cannot
be followed with our approach.
Previous works have studied the effect of radiative feed-
back on the migration of the forming planet (Nayakshin &
Cha 2013; Stamatellos 2015; Ben´ıtez-Llambay et al. 2015).
In our models the planet radius was kept fixed, so migration
cannot be directly measured from the simulations. A post-
processing measurement of the torque acting on the planet
was unfortunately inconclusive. The torque magnitude, and
even its sign, depended very strongly on how the CPD was
considered (see Crida et al. 2009). As this is the region where
both accretion and feedback act directly, our present numer-
ical set up is simply not adequate to address this issue and
we defer it to a follow-up work.
7 SUMMARY
The accretion on to giant planets and their associated lu-
minosity can produce observational signatures that reveal
the process of planet formation. In this work we used 2D
hydrodynamical simulations to study how the accretion and
luminosity of a gas giant affects the circumplanetary disc,
and the surrounding gap. We extended the procedure used
in Montesinos et al. (2015) by taking into account the accre-
tion on to the planet, and computing the planet luminosity
accordingly. We have shown that planet accretion feedback
does not prevent the development of detectable accretion
rates.
Our simulations show that while the planetary feedback
is able to partially deplete the circumplanetary disc and re-
duce its accretion rate, the drop in accretion and luminosity
is less than 50%. At this point the planet still has lumi-
nosities above 10−4 − 10−3L, that can produce detectable
signatures. We note that this occurs even if only a 10% of
the planet luminosity is absorbed by the surrounding gas,
which is quite plausible since previous studies show that the
CPD remains both geometrically and optically thick. The
CPD temperature is also increased by the planet luminos-
ity, and can produce a signal of between 5–15 mJy at 20–25
µm. This flux is due to both the inner accretion disc nearby
the planet, and the gas heated up further out. The fraction
coming from either component depends on the feedback ef-
ficiency factor considered in our models.
The feedback effects are not limited to the CPD – the
gap carved by the planet is partially refilled due to the cou-
pling between the planet luminosity and accretion, and to
a lesser extent due to the increase in the gap temperature
and viscous torque. Finally, the orbital velocity of the gap
becomes more Keplerian due to the change in the pressure
gradient, and vortex structures are formed near the planet
and transported towards the gap when the planet feedback
is turned on. These effects may influence the dust trans-
port and evolution, by changing the rate of concentration of
particles at the dust traps.
To conclude, understanding planet accretion feedback
is both important to correctly interpret the accretion sig-
natures of proto-planet candidates, and to properly model
the hydrodynamics of discs, especially in the CPD and gap
regions.
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